ABSTRACT The envelope-associated nucleoid (EAN) of Caulobacter crescentus has been isolated during major developmental stages in the cell cycle. The sedimentation coefficient of the Caulobacter EAN changes as a function of development and is closely correlated with the periodicity of DNA synthesis in this bacterium. The contribution of proteins to the structure of the Caulobacter nucleoid has been analyzed by using polyacrylamide gel electrophoresis of proteins labeled both for short intervals and continuously througout the cell cycle. The EAN proteins are derived primarily from membranes and are sequentially associated with the EAN during the cell cycle. Several distinct proteins are isolated with the EAN at specific stages of differentiation. A 26,000 Mr protein, which appears uniquely associated with the swarmer cell EANs, was identified and shown to segregate preferentially with the swarmer cell EAN at cell division.
The prokaryote Caulobacter crescentus provides a unique opportunity for study of the relationship between chromosome structure, DNA replication, and cell differentiation because cells of different morphology are correlated with a discontinuous pattern of DNA synthesis during the cell cycle. At cell division two cell types are produced, a stalked cell and a swarmer cell ( Fig. 1) (1) . Each cell type is capable of differential RNA (2) and protein synthesis (3) and each has different capacities for DNA synthesis. DNA replication is initiated by the stalked cell and restricted to the stalked phase of the cell cycle ( Fig. 1) (4, 5) . As a consequence, the progeny stalked cell reinitiates chromosomal replication after cell division while the progeny swarmer cell must first differentiate into a stalked cell in order to effect DNA replication and subsequent cell cycles. These cells are thus different not only in their morphology, but also in their pattern of development. This further suggests the possibility that each of the progeny cell chromosomes is differentiated with respect to its capacity for DNA replication and its role in selective gene expression.
We have initiated a study of the Caulobacter chromosome by isolating the bacterial envelope-associated nucleoid (EAN) during major developmental stages in the cell cycle. The physical properties of the Caulobacter EANs have been previously examined: a 3000S EAN was isolated from the stalked cell, which corresponds to the replicating nucleoid form, and a >6000S EAN was isolated from the swarmer cell, which corresponds to the nonreplicating nucleoid form (5). We have continued these studies by examining the sedimentation behavior of the EAN in synchronous cultures and analyzing concomitant changes in the profile of nucleoid-associated proteins. We report herein a series of defined transitions in both the sedimentation properties and associated proteins of the EANs that are correlated with the pattern of DNA replication and other cell-cycle events.
MATERIALS AND METHODS C. crescentus CB15 (ATCC 19089) was grown at 30'C in Hutner's minimal glucose medium (6) . Techniques for isotopic labeling of DNA, cell synchronization, and preparation of the EANs have been described in detail (5 
RESULTS

Transitions of EAN
Stalked and swarmer EANs exhibit markedly different sedimentation behavior: the sedimentation coefficient of the EAN from stalked cells is approximately 3000 S whereas that of the swarmer cell EAN is too high to estimate exactly but has been determined to be >6000 S (5). The temporal sequence of the EAN transitions was examined by isolation of these structures during the cell cycle. Cells were synchronized by the Ludox procedure (5) , and the sedimentation coefficients for the EANs at various cell stages were determined in 10-30% sucrose gradients. The swarmer EAN was collected on a 60% sucrose cushion. In Fig. 1 a compilation of EAN sedimentation coefficients was made from approximately 50 independent sucrose gradient measurements taken at 18 different times in the cell cycle. The curve describing the rate of DNA synthesis as a function of the cell cycle was superimposed on this compilation. The rate of DNA synthesis was periodically checked in these experiments to ensure that it corresponded to the general pattern shown in Fig. 1 and determined previously (4, 5) . The large number of independent experiments confirming the correlation between DNA synthesis and EAN sedimentation behavior also underscores the correlation between cell morphology and DNA replication in this system. As shown in Fig. 1 , the most rapidly sedimenting forms of the EAN are found in swarmer and predivisional cells and coincide with periods when no DNA replication is occurring. After DNA replication is completed, but Abbreviation: EAN, envelope-associated nucleoid.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. In the same experiment, labeling was continued until cell division and the EANs were prepared from the isolated progeny stalked and swarmer cells (Fig. 3 D and E) . In this manner it was possible to detect the asymmetric segregation of the 26,000 Mr swarmer cell EAN protein. The major remaining labeled protein components recovered with the progeny cell EANs appear to be equally distributed among the daughter cells (Fig.  3 D and E) .
Pulse-chase experiments (Fig. 4) confirmed these observations and also revealed another subset of protein interactions with the EANs. In these experiments either swarmer or stalked (parent) cells (Fig. 4 A and E) were pulse-labeled for 15 min and then the label was chased until cell division, when the progeny cells were isolated. Aliquots of cells were removed at the end of the labeling period and during the chase period for preparation of EANs. EANs were also prepared from the isolated progeny cells. Pulse-chase analysis shows that the EANs retained the general protein profile characteristic of the EAN from the cell type initially labeled. EAN proteins are, for the most part, equally distributed among the progeny cells. The pulse-chase experiments also show, however, that proteins of Mr 70,000, 55,000, and 62,000 segregate with the progeny stalked cell EANs while proteins of Mr 26,000, 19,000, and 15,000 segregate with the progeny swarmer cell EANs. DISCUSSION The sedimentation properties of the Caulobacter EAN structure can be correlated with the periodicity of DNA synthesis during the cell cycle. In general, the sedimentation coefficients vary inversely with periods of DNA replication, the most rapidly sedimenting EANs being found in swarmer and predivisional cells. The compilation of sedimentation values shown in Fig.  1 Proc. Natl. Acad. Sci. USA 76 (1979) gions of the chromosome to particular effectors or by directly governing or mediating these differential events.
The importance of DNA-membrane protein interactions in bacterial cells has been recognized (12) (13) (14) ; however, determination of the functional relationship between any prokaryotic genome and its associated proteins has proven to be difficult. In Caulobacter, however, it seems clear that the chromosome is differentiated with respect to its sedimentation properties and protein composition. This differentiation allows one to examine protein-DNA interactions with respect to specific cellular functions during the cell cycle. Dynamic changes in the organization of the Caulobacter chromosome may be important in the regulation of expression of the unusual developmental program in this organism. It should be possible to directly study the relationship between chromosome structure and selective transcription or DNA replication by using stage-specific Caulobacter gene sequences as probes of the EAN structure.
